Hand, foot, and mouth disease (HFMD) is endemic in the Pacific region, especially in mainland China. The case-fatality ratio of HFMD is increasing steadily. Knowledge of the changing epidemiology of HFMD in different regions is necessary for implementing appropriate intervention strategies. In this study, we describe the clinical and epidemiological characteristics of HfMD in Hunan children's Hospital between 2013 and 2017. A total of 7203 patients with HFMD were admitted, with complication and mortality rates of 35.62% and 0.78%, respectively. The total number of children with HFMD, proportion of severely ill children, and HFMD mortality rate were the highest in 2014. The number of cases caused by EV-A71 and CV-A16 decreased continuously, while the number of cases caused by 'other enteroviruses' increased yearly since 2014, suggesting that other enteric viruses will gradually replace EV-A71 and CV-A16 as the main pathogenic HFMD agents. Furthermore, EV-A71 and mixed infections accounted for the high case fatality rates in children with severe HFMD, among whom EV-A71 infection resulted in the highest complication and mortality rates; the mild form of the disease was dominated by 'other enteroviruses'. In conclusion, the changing etiological pattern highlights the need to improve pathogen surveillance and vaccine strategies for HFMD control.
Results

Patient characteristics.
A total of 7203 patients with HFMD were included in the study; 4580 (63.58%) were boys, and 2623 (36.42%) were girls; the male female ratio was 1.75:1. The median age of all study subjects was 19 months (IQR: 13-29 months).
Among all participants, 96.48% were admitted to the hospital at an early stage of the disease (I and II), and the remaining (3.52%; n = 254) children were admitted to the hospital in stage III or IV of disease. The median duration of hospitalisation for all children was 5 (IQR: 4-6) days. Participants' characteristics are shown in Table 1 .
Distribution of severity and virus types in different age groups. The case fatality rates of HFMD patients were highest (6113/7203, 84.87%) among children aged less than 3 years old. A minority (12.48%; n = 899) had severe HFMD (SHFMD). The number of SHFMD patients was highest in the 2-year-old group (420/3209, 13.09%) and lowest in the 1-year-old group (153/1617, 9.46%). The proportion of patients with SHFMD in the group aged >2 years was significantly higher than that in the group aged ≤1 year (χ 2 = 17.92, P < 0.001) ( Table 2 ).
The predominant pathogens were 'other enteroviruses' . EV-A71 and 'mixed cases of two enteroviruses' were common in children aged 2 years and older. The predominant pathogen was 'other enteroviruses' in children aged ≤1 year (Table 3) .
The overall case fatality rate among children with HFMD was 0.78%. The case fatality rate (20/1278, 1.55%) was highest among participants aged less than 3 years, and significantly higher than that in other age groups (χ 2 = 14.31, P = 0.003), but was lowest among those aged 3 years and older (3/1090, 0.28%). The complications rate was 35.62% and was significantly higher among those aged >2 years than in those aged ≤2 years (χ 2 = 164.61, P < 0.001) (Fig. 1 ).
Virus type trends over time. (Fig. 2a) .
As shown in Fig. 2b , most HFMD cases were common during the months of May to July and September to October. The positivity rate for EV-A71 reached its peak in June (279/931, 29.97%), while CV-A16 infections peaked in May (137/919, 14.91%).
Proportion of different pathogens in mild HFMD and severe HFMD. The pathogens causing mild HFMD were 'other intestinal viruses' (58.03%), EV-A71 (17.29%), mixed infection (13.85%), and CV-A16 (10.83%) (Fig. 3a) . In severe cases, this was EV-A71 (38.04%), other enteroviruses (29.92%), mixed infections (21.69%), and CV-A16 (10.34%) (Fig. 3b) . The etiological agents for the difference in severity between mild and SHFMD, from the highest to the lowest contributors, were EV-A71 (23.88%), mixed infection (18.26%), CV-A16 (11.98%), and other enteroviruses (6.85%). The proportion of SHFMD caused by EV-A71 was higher than that caused by 'other enterovirus' (χ 2 = 317.23, P < 0.001) (Fig. 3c ).
Incidence rate of complications and case fatality caused by different pathogens. The incidence of complications caused by EV-A71 and mixed infections were 58.24% (834/1432) and 53.46% (571/1068), respectively. The incidence of complications in children caused by other enteroviruses was the lowest (27.77%; 894/3927), and this was statistically significant (χ 2 = 751.23, P < 0.001) (Fig. 3d) . The mortality rate caused by EV-A71 infection was 1.89% (27/1432), which was remarkably higher than that caused by other pathogens. This difference was statistically significant (χ 2 = 32.34, P < 0.001) (Fig. 3e ).
Discussion
The subjects in this study were hospitalised children in Hunan children's hospital; the only tertiary hospital in Hunan Province with 1,800 beds, including 60 beds in the Infectious Diseases Unit and 80 beds in the Children's Intensive Care Unit (PICU). Therefore, this study mainly reflects the clinical and epidemiological characteristics of HFMD. www.nature.com/scientificreports www.nature.com/scientificreports/ This study illustrated a HFMD case fatality rate of 0.78% among children hospitalised in Hunan Children's hospital between 2013 and 2017. The main infectious pathogen among 1-year-old children was 'other enteroviruses' , which had a low complication and mortality rate. The main infectious pathogens for children aged over 2 years were mainly 'other enteroviruses' and EV-A71, and mixed infections were also common. The highest case fatality rate was among 3-year-old children. Previous epidemiological data on HFMD indicated that the incidence of SHFMD in China was about 0.9% and the mortality rate was 0.20%-0.39% between 2008 and 2015 8 . South Korean data also showed that the mean age of patients with HFMD was 3.57 years old, and the proportion of severe cases was 1.6% 9 . In our study, 12.48% (899/7203) were severe cases and 56 (0.78%) died. The proportion and case fatality rate of severe cases in this study were higher than the above study. This is because all children included in this study were hospitalised; mild cases that may have been diagnosed at the outpatient clinic were not included. In addition, our study also included severely ill children who were referred from the primary hospital.
Our study also found that susceptible pathogens and case fatality rates varied between ages. This may be due to two main reasons. Firstly, this may be because children under 1 year of age are mainly breastfed, and breastfeeding is a protective factor against HFMD progression 10 . Breast milk may promote the development of the gastrointestinal system of infants and young children which prevents the invasion of foreign viruses. Furthermore, breast milk contains immune substances, immunomodulators, and inflammatory factors, including some antibodies from the mother 11, 12 . Secondly, older children partake in more activities and have greater contact with the outside world; therefore, they have more opportunities to contact children with latent infection or infected people.
With respect to time distribution, this study showed that the number of cases, the highest proportion of severe disease, and the case fatality rates were highest in 2014. However, there were no fatalities in 2017. During these five years, the number of HFMD cases increased every other year, and the incidence of complications and mortality between 2014 and 2017 first increased and then decreased. The data from the National Infectious Disease Surveillance Information Management Direct Reporting System between 2008 and 2010 13 and the data of Fuyang, Anhui from 2008 to 2013 14 all indicated that outbreaks of HFMD also occur every other year. In terms of virus type composition, from the results of this study, other enteroviruses may gradually replace EV-A71 and CV-A16 as the main pathogenic causes of HFMD. A survey in Shanghai showed that CV-A6 has replaced EV-A71 and CV-A16 as the main pathogenic cause of HFMD since 2013 15 . Wu et al. 11 conducted pathogen detection tests on 30,377 cases in Hunan Province in 2013 and 2015, and showed that 'other enteroviruses' had become the main pathogenic causes of HFMD. These findings support our arguments. These changes may be due to the fact that mixed infections led to genetic recombination of pathogens. In the literature, a patient can have concurrent infection with both EV-A71 and CV-A16 pathogens. This co-infection, which leads to viral gene recombination 12 , could have been responsible for the repeated outbreaks or epidemics of HFMD in China. Moreover, EV-A71 vaccine coverage may have reduced the number of EV-A71 infections. The EV-A71 inactivated vaccine protection rate and antibody production rate are both higher than 90% 16 . Similar results of changes in virus types were also described in different districts in a Japanese study; CV-A6 was the main pathogen of HFMD in 2011 and the outbreak occurred once every two years 17 . A study in Europe also found a high prevalence of EV-D68 in 14 countries 18 . The outbreak of CV-A6 occurred in different regions of Beijing, Guangzhou, and Shanghai; however, CV-A6 has gradually been replaced with EV-A71 and CV-A16 as the www.nature.com/scientificreports www.nature.com/scientificreports/ main causes of HFMD in China 19 . A previous report revealed that the EV-A71/CV-A16 combined vaccine also failed to prevent the outbreak of HFMD caused by CV-A10 and CV-A6 20 . Therefore, it is particularly important to develop a multivalent HFMD vaccine to protect children from HFMD caused by enteroviruses 21, 22 . In terms of complications and case fatality rates, our study found that EV-A71 had the highest complication and case fatality rates of 58.24% and 1.89%, respectively. Weng et al. 23 reviewed data from Fujian Province from 2010 to 2014. The proportion of EV-A71 infection in children with the mild form of the disease was 40.23% (5648/14040), that in severely ill children was 72.8% (1194/1640), and in those who died was 98.59% (70/71). Disease surveillance data from Shanghai between 2012 and 2016 showed that 94.05% of cases were mild, and the proportions reported for different pathogens among children were enterovirus (46.88%), CV-A16 (29.63%), EV-A71 (23.28%), and mixed infections (0.21%). From the same surveillance, 5.95% were severe cases and EV-A71 infection (96%) accounted for the majority of infections 24 . According to the national surveillance data, the number of deaths caused by EV-A71, CV-A16, and other enteroviruses in 2008-2015 were 2136, 43, and 129; while the mortality rates were 0.85%, 0.03%, and 0.07%, respectively. This previous mortality rates are similar to the results of this study. Since our study found that EV-A71 infections were concentrated between April and July, we recommend that clinicians should be alert to both EV-A71 and children with severe illnesses during this period in order to implement active intervention measures to reduce the incidence of complications and mortality.
This study had some limitations. The HFMD cases included in this study were drawn from a hospital, and our sample may have been biased. However, the large sample of HFMD hospitalised cases portrays an accurate representation of hospitalised children; a high proportion of our participants had severe disease and provided information that was beneficial for clinical practice. Secondly, all of our participants were drawn from the children's hospital of Hunan Province; therefore, the population distribution, time distribution, and virus type distribution characteristics of the HFMD patients found in this study are not representative of the whole Hunan Province.
With regards to the composition of virus types, EV-A71 and CV-A16 infections decreased continuously, as the number of cases caused by other enteroviruses increased each year. This suggests that other enteric viruses may gradually replace EV-A71 and CV-A16 as the main pathogenic agents of HFMD. A multivalent HFMD vaccine may be the key to prevent HFMD outbreaks and epidemics in the future. In terms of disease severity, EV-A71 and mixed infections accounted for the high case fatality rates of infections among children with SHFMD, but EV-A71 had the highest incidence of complication and mortality. The mild form of the disease was mainly caused by other enteroviruses.
Materials and Methods
Ethical considerations. Permission to conduct this study was granted by the Ethics Committee of Hunan
Children's Hospital (IRB No. HCHLL-2014004). Written informed consent was obtained from the parents and/or legal guardians of each child. All the data were fully anonymised. All experiments were performed in accordance with the approved guidelines and regulations.
Study subjects. The 7299 hospitalised patients diagnosed with HFMD between the 1 st of January 2013 and the 31 st of December 2017 in Hunan Children's Hospital were included in the analysis. Patients were excluded from this study if they had any of the following characteristics: incomplete documentation of information (37 cases, 0.51%); were co-infected with other viruses (10 cases, 0.14%), bacteria (13 cases, 0.18%) or fungi (3 cases, 0.01%); or had concurrent congenital heart disease (17 cases, 0.23%) or primary nephrotic syndrome (6 cases, 0.08%), accompanied by severe fundamental disease or severe immunodeficiency. Finally, 7203 cases were included for clinical analysis.
Data were obtained from the medical records. Information on children with HFMD, including hospitalisation number, gender, date of birth, date of admission, date of discharge, admission to the department, admission stage, admission diagnosis, and complications during hospitalisation (brain encephalitis, pulmonary oedema, pulmonary haemorrhage, circulatory failure), type of virus, mild or severe type, and outcome, was obtained. The diagnostic criteria used were based on the Chinese guidelines for the diagnosis and treatment of SHFMD issued by the Ministry of Health in China . Evaluation of the severity of disease was performed based on the guidelines for the diagnosis and treatment of SHFMD (2010) 25 . SHFMD was defined as rapidly progressing with meningitis and encephalitis (brainstem encephalitis is the most dangerous), encephalomyelitis, pulmonary oedema, and circulatory disorders which may occur in the first to fifth day of onset. Meningitis, brainstem encephalitis, encephalitis, pulmonary oedema, pulmonary haemorrhage, and circulatory failure are described as follows.
Meningitis: white blood cell counts in cerebrospinal fluid of >10/mm 3 , accompanied by fever, vomiting, headache, irritability, positive symptoms, and signs of meningeal stimulation.
Brainstem encephalitis: frequent spasms, convulsions or acute flaccid paralysis (acute emergence of asymmetrical, non-progressive weakness or paralysis in one or more groups of muscle), reduced or absent deep tendon reflexes. Encephalitis: children with altered level of consciousness, no febrile seizures, or localised neurological deficit (defined as the presence of non-reflective limb weakness in the acute phase of the child).
Pulmonary oedema: respiratory distress confirmed by chest X-ray. Pulmonary haemorrhage: alveolar hyperaemia observed on X-ray and dark red foamy sputum or bloody fluid seen through the tracheal tube.
